Abstract-Using a high-electron-mobility cadmium oxide perfect absorber and intraband optical pumping, we experimentally demonstrate a reflective polarizer with a polarization extinction ratio of 91 that can be switched on and off within 800 fs.
I. INTRODUCTION
Polarization is one of the fundamental properties of light. Ultrafast control of the polarization state of light may enable a plethora of applications in optics, spintronics and chemistry. However, conventional polarizing elements such as polarizers and waveplates are either static or possess only moderate switching speeds. Efficient switching of optical polarization at femtosecond (fs) time scale has not previously been shown.
In recent years, plasmonic-based optical switches have been considered a promising solution that could fulfill all these requirements. However, despite the sub-diffraction-limit size of many plasmonic cavities, realizing a plasmonic switch with large on/off ratio and ultrafast switching speed has remained challenging. Noble metals such as gold and silver are the most commonly adopted plasmonic materials, but their plasmonic properties are hardly tunable. As an alternative, doped semiconductors, such as silicon, III-V semiconductors, and conducting metal oxides (CMOs) have been found to be much more versatile, with their plasma frequency ω p tunable by either inter-or intra-band optical excitation. In the simplest form, the plasma frequency is given by
In the case of interband excitation, the modulation of ω p is achieved by increasing the electron density n; alternatively, using intraband optical pumping, one can modify the effective mass m* of the plasmonic material due to the non-parabolicity of its conduction band and the momentum-dependent effective mass
Notably, plasmonic switches based on intraband excitation in CMOs have been realized through modulation of the bulk plasmon resonance of gallium-doped zinc oxide (GZO) [1] or the localized surface plasmon resonance of indium-doped tin oxide (ITO) nanorods [2] at near-and midinfrared frequencies. However, their modulation depths are hampered by the cavity design as well as the relatively large material ohmic loss.
Here, we report on a new plasmonic switch based on a indium-doped cadmium oxide (CdO:In) Berreman type perfect absorber [5] . Benefiting from the perfect absorber cavity design and the low material loss, we are able to modulate the absolute p-polarized reflectance of the cavity from 1% to 86% on a subpicosecond time scale, at a wavelength of 2.08 μm. We further demonstrate an ultrafast polarizer based on such a platform. The CdO-based thin film perfect absorber is schematically shown in Fig. 1(a) and consists of a magnesium oxide (MgO) substrate, a 75-nm-thick doped CdO layer, and an optically thick gold capping layer. For the reflectance spectrum measurements, infrared light is incident on the CdO film from the substrate side. The CdO film is deposited on the (100) MgO substrate via sputtering, with the gold layer sequentially deposited by electron-beam evaporation. The carrier density and mobility of the CdO film are retrieved from the ellipsometry measurements to be 2.8×10 20 cm -3 and 300 cm 2 V -1 s -1 , respectively, resulting in a zero-crossing of its permittivity
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to span from near-to mid-infrared frequencies. The exceedingly high electron mobility of the epitaxially grown CdO film, roughly an order of magnitude larger than conventional CMOs such as GZO and ITO, is a result from the sufficiently small substitutional lattice strain induced by In doping [3] .
Reflectance spectra of the sample at incident angles ranging from 30° to 70° are obtained using an infrared spectral ellipsometer under free space excitation, and are shown in Fig.  1(b) . The minimum measured reflectance of the sample is 1% at an incident angle of 50° and a wavelength of 2.08 μm. Next, we examine its transient response following optical excitation with pump-probe measurements. We use one beam from the idler output of an optical parametric amplifier (OPA) fed by a Ti: Sapphire amplified laser as the pump. The pump wavelength is tuned to 2.08 μm, and is p-polarized with an incident angle of 30° to allow resonant sample absorption. The probe beam is also p-polarized, but at an incident angle of 50° to achieve minimum reflectance at 2.08 μm, and to spatially separate from the pump beam. The spectral bandwidth of the probe beam is large because of the ~50 fs pulse width of the OPA. Therefore, to accurately determine the change of absorption of the sample at different wavelengths after being reflected by the sample, the probe beam is sent through a monochromator prior to being detected by the photodetector. In Fig. 2(b) . we present the absolute reflectance of the sample as a function of pump probe delay time, showing a transient bleaching at 2.08 μm and an induced absorption at 2.23 μm. we observe an absolute reflectance change from 1% to 86% at 2.08 μm and an absolute reflectance change from 73% to 11% at 2.23 μm.
The giant modulation depth and the polarization selectivity of the CdO-based perfect absorber make it an ideal platform for active polarization control. To demonstrate such capability experimentally, we performed pump-probe experiments with a resonant pump pulse set at 2.08 μm, and with the probe pulse linearly polarized at 45°. After impinging on the sample, the polarization states of the reflected probe beams can be analyzed with a rotating phase retarder and a fixed polarizer at different delay times. With an input light linearly polarized at 45°, we show in Fig. 3 the measured output polarization with and without pump, at 2.08 μm and 2.23 μm, respectively. For an incident wavelength at 2.08 μm, without photoexcitation, the reflected wave is elliptical rotating clockwise, with the polarization angle, that is, the orientation of the long axis of the polarization ellipse with respect to the s-polarization axis, at -6°. At a delay time of 250 fs, the reflected wave is still elliptical but rotating counterclockwise, with the polarization angle rotated by 53° to 47°. The polarization recovers to its original state within 800 fs. For an incident wavelength at 2.23 μm, the reflective wave is elliptical rotating clockwise with a polarization angle at 45° in the static case. Upon photoexcitation, it becomes elliptical rotating counterclockwise, with a polarization angle rotated to -20°. The polarization recovers to its original state also within 800 fs. The measured polarization states qualitatively agree with FDTD simulations.
III. CONCLUSION
To summarize, by taking advantage of a low loss plasmonic material (CdO) with a stringently designed Berreman mode plasmonic cavity, we manage to construct a high quality factor perfect absorber for the extremely high contrast dynamic tuning of the amplitude and polarization state of infrared light at a sub-picosecond time scale. We could also envision solid-state, electrically-addressable and highcontrast amplitude, phase or polarization modulators to be developed based on a similar platform.
